SYNOPSIS Plasma fibrinogen concentration and whole-blood viscosity, the latter measured at two shear rates (23 and 230 sec-1), were estimated during eight episodes of sickle-cell crisis and compared with values in 26 sickle-cell anaemia patients who were not in crisis. Painful crisis was associated with a significant increase in both plasma fibrinogen and whole-blood viscosity. Increased fibrinogen-erythrocyte interaction in vivo may be a significant contributory factor to raising blood viscosity and precipitating vaso-occlusive crisis in sickle-cell disease.
The viscosity of whole blood is largely determined by the number of red cells (haematocrit) and by the deformability of individual red cells. Viscosity is also influenced by fibrinogen and other proteins which induce red-cell aggregation by protein-cell membrane interaction (Chien et al, 1967; Replogle et al, 1967; Rosenblum, 1969) , and this is particularly important at low flow rates as in large veins, venules, and the microcirculation.
The role of hyperfibrinogenaemia in vivo in increasing viscosity and leading to vaso-occlusive crisis in sickle-cell disease is not well defined although it has been suggested that the rise in fibrinogen during pregnancy and in acute infection may play a major role in precipitating crisis (Harris and Murphy, 1973) . A study has therefore been made of plasma fibrinogen and whole-blood viscosity in children with sickle-cell disease to determine the changes which occur in vaso-occlusive crisis.
Patients and methods
Blood was taken from 26 asymptomatic children (aged 3-16 years) attending a haematology outpatient clinic, of whom 18 had homozygous sicklecell anaemia (SS) and eight had sickle-cell/flthalassaemia. Blood specimens were also obtained from eight children (seven with SS) during admission for painful crisis. Routine bacteriological studies included blood, throat, and mid-stream urine cultures and the cytocentrifuge-NBT score Blood for viscosity studies was collected with minimal venous stasis into solid EDTA (1-8 mg/ml), with thorough mixing to avoid microclot formation, and measured within four hours of collection. Viscosity was measured using a Wells-Brookfield cone-plate microviscometer incorporating a 1-565°c one. Measurements were made at 37°C and at two shear rates corresponding to estimated physiological shear rates in veins and vessels of capillary diameter (23 sec-1) and large arteries (230 sec-1). Before viscosity measurements were made the blood was bubble oxygenated for 5 minutes and then mixed for 10 minutes on a roller-type blood mixer. When the temperature of the microviscometer sample-cup had reached 37°C, 0-8 ml of blood was introduced into the cup and the specimen was sheared at 23 sec-1 for 3 minutes to allow stabilization before a reading was taken. The sample was then sheared at the same rate for a further 2 minutes to give a second reading. The instrument was cleaned, a second 0-8 ml aliquot of the same blood sample was introduced, and a further two readings were taken at 23 sec-1. The value obtained from the mean of the four readings was adjusted to a standard haematocrit of 0-45 and expressed in centipoises (cps). At 230 sec-1 the viscometer is more accurate and two readings only, on a further aliquot, were taken.
The relationship between whole-blood viscosity (at 23 sec-1 and 230 sec-1) and fibrinogen concentration was studied by adding known amounts of fibrinogen (Kabi) to washed normal (AA) red cells resuspended in autologous heparinized serum.
Fibrinogen was studied according to Ellis and Stransky (1961) and packed cell volume (PCV) by a microhaematocrit method. Statistical significance was determined using Student's t test.
Results
The effect of sickle-cell crisis compared with the asymptomatic state is shown in table I. Painful crisis was associated with a significantly higher mean whole-blood viscosity at shear rates of both 23 sec-1 (p < 0-02) and 230 sec-1 (p < 0-02), and with a significantly higher mean plasma fibrinogen (p < 0-01). There was no significant difference in PCV or NBT score.
Five of the eight patients in crisis were studied again when asymptomatic to act as their own controls (table II) . Each crisis episode was associated with an increase in blood viscosity and fibrinogen with the exception of patient 3. This patient had a less severe crisis episode, with only one localized area of pain and tenderness, compared with the other putients.
Detectable bacterial infection was present in one patient only, who had bronchopneumonia. The seven other patients in crisis were febrile on admission, but there was no clinical evidence of infection, bacteriological cultures did not yield significant growth, and the temperature settled without antibiotics. Cytocentrifuge-NBT scores remained within the normal range of 0-18% ).
There were no other apparent crisis-precipitating factors in these children and they were not dehydrated on admission.
An approximately linear relationship was found in vitro between blood viscosity and the amount of added fibrinogen within the range 2-0-10-0 g/l (figure). The mean increase in viscosity at 230 sec-1 found in patients during crisis (0-42 cps; table I) was no greater than the increase anticipated from a rise in mean fibrinogen from 2-29 to 3-81 g/l. At 23 sec-1, however, the mean increase observed in the patients in crisis (0.8 cps) was almost twice that anticipated (0-45 cps).
Discussion
A significant increase in the viscosity of oxygenated whole-blood at physiological shear rate has been found in children during painful sickle-cell crisis. This result is in agreement with previous in vitro experimental studies using oxygenated (Dintenfass, 1964; Chien et al, 1970) and deoxygenated (Ham and Castle, 1940; Harris et al, 1956; Charache and Conley, 1964; Dintenfass, 1964) (Serjeant et al, 1969) (Dormandy et al, 1973b (Leslie et al, 1975 ) but a sig in fibrinogen during crisis has now the present study, in an earlier rt centre (Gordon et al, 1974 ) and 1 (1973) . The rise in fibrinogen did n caused by bacterial infection (Gc 1970; Green et al, 1970) in any of these three studies. The explanation is therefore unknown, and although an earlier study did not show evidence of disseminated, as opposed to localized, intravascular coagulation in painful crisis (Gordon et al, 1974) , a similar study of coagulation factor levels carried out serially before, during, and after vaso-occlusive crisis would be of value. Bacteriological, and particularly virological, studies should be performed in parallel.
It is therefore suggested that the hyperfibrinogenaemia of sickle-cell crisis contributes to red cell sludging and increased whole-blood viscosity at the 8.0 100 onset of crisis. The increase in viscosity was found to be approximately double at low shear rate, where d viscosity fibrinogen has a greater effect (Chien et al, 1967) , asma fibrinogen and since circulating ISC also exert a greater effect (A) and at low shear rate (Chien et al, 1970) they are likely to have a substantial additive effect in areas of the circulation characterized by low shear and high
.ompared with viscosity, such as the leg veins. Superficial venous blood of the lower leg has a temperature of around crisis in the 30°C (Rubenstein and Lack, 1959) and since the ult of increased high viscosity of sickle-cell blood at 370C is further of whole-blood increased by a temperature drop to 30°C (Rubenstein, vere in any case 1961) , the leg veins are a potentially important site haematocrit of of vascular sludging and the initiation of sickling.
trated that the This temperature differential is likely to become cells, compared greater during exposure to cold, and an association ninantly due to between crisis frequency and seasonal environmental ,) which have temperature has been reported for North American aced membrane (Amjad et al, 1974) and Jamaican (Redwood et formation of cryofibrinogen which could further fibrinogenaemia increase viscosity as suggested for patients with 1'52 g/l) was at generalized hypothermia (Goodall et al, 1975 
